Abstract-In manual cell injection the operator relies completely on visual information for task feedback and is subject to extended training times as well as poor success rates and repeatability. From this perspective, enhancing human-in-theloop intracellular injection through haptic interaction offers significant benefits. This paper outlines two haptic virtual fixtures aiming to assist the human operator while performing cell injection. The first haptic virtual fixture is a parabolic force field designed to assist the operator in guiding the micropipette's tip to a desired penetration point on the cell's surface. The second is a planar virtual fixture which attempts to assist the operator from moving the micropipette's tip beyond the deposition target location inside the cell. Preliminary results demonstrate the operation of the haptically assisted microrobotic cell injection system.
INTRODUCTION
Recently researchers have expressed an increased interest in being able to more deposit materials such as DNA, protein, and sperm into biological cells [1] [2] [3] . Traditionally, injection into biological cells is performed manually by an experienced operator. While the human-in-the-loop can offer distinct advantages in such a task, it takes up to one year to adequately train an operator to perform cell injection. Despite such training, failure rates remain high [4] [5] .
The works of [6] [7] [8] [9] propose an automated approach to cell injection. While automating the cell injection process does offer the advantages inherent to system autonomy, it can prove limited in the ability to utilise real-time human judgement and intuition during cell injection. This work focuses on the integration of haptic interaction to enhance the Human Machine Interface (HMI).
Haptics pertains to the human's sense of touch and haptic technologies generate the sense of touch and feel to a human user. The integration of haptics in HMIs is widespread including rover teleoperation [10] [11] , procedural operator training [12] , virtual reality [13] and medical training and simulation [14] [15] . Haptic virtual fixtures can provide the user with assistance in specific tasks through the application of position and force [16] . Haptic virtual fixtures can be used to prevent the user from accessing forbidden regions and/or for guiding a user along a desired path or trajectory. The work by [17] demonstrates that virtual fixtures can improve operator performance by as much as 70%.
In order to provide the basis for haptic interaction during cell injection, our previous works introduce methods to use the Phantom Omni haptic device for intuitive command of the microrobot [18] and for controlling the microrobot itself [19] . This paper extends upon these previous works to propose two haptic virtual fixtures for real-time assistance during cell injection.
II. HAPTIC MICROROBOTIC CELL INJECTION SYSTEM
The haptically enabled cell injection system is presented in Figure 1 . The system includes the MP285 micromanipulator (Sutter Instruments), a pressure microinjector for material deposition (PMI200 from Dagan), a CMOS camera (A601f-2 from Basler), an optical microscope (SZX2ILLB from Olympus), a PC (Intel Core Due 2.66GHz CPU), a DAQ card (PCI6259 from National Instruments) and the Phantom Omni haptic device (SensAble Technologies). In order to reduce interference from vibration, the micromanipulator, microscope, camera and cell holding device are located on a vibration isolation table. When performing cell injection, the cell holding device is placed underneath the microscope lens providing live video of the cell injection process. The cell injection is physically achieved using a glass micropipette.
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The two haptic virtual fixtures are described below:
(1) The virtual fixture plane is a planar haptic constraint which attempts to prevent the operator from commanding the micropipette tip past the deposition target D (cytoplasm centre). An image processing algorithm [20] can also be used to determine the desired location of the deposition target D within the cytoplasm.
(2) The parabolic virtual fixture utilises a force field within the paraboloid's volume to guide the operator's command of the micropipette according to an optimal trajectory to approach point P. Point P is the desired penetration point and located at the paraboloid's apex. An image processing algorithm [20] can be used to determine the desired location of the penetration point P on the cell's surface. A potential field model can be used to establish the necessary force field. Artificial potential fields have widely applied in robotic trajectory generation [21] [22] . 
A. Virtual Fixture Plane
A plane can be defined by its normal vector and a point in it. Let's define a vector with initial point, D (destination point) and terminal point, P (penetration point). Then, will be the normal vector of desired virtual fixture plane. In addition, D is located in the plane. Therefore, the desired virtual fixture plane can be obtained as
where X is the position vector of any point , , in the plane. The dot here represents a dot product. Haptic Interaction Point (HIP), is defined as the position of the haptic interface master device which is mapped to the micropipette tip in the slave side [18] .
The haptic rendering of the virtual fixture plane requires two considerations, namely, collision detection and force response and control.
The collision detection component of the haptic rendering requires the determination of the current position of the HIP, . If satisfies equation (1), then collision/penetration of the HIP with the virtual fixture plane limits can be assumed. In this case, force response and control is necessary to constrain the operator's manipulation of the HIP in the virtual fixture plane.
The god-object algorithm specifies that the god-object cannot penetrate the virtual surface and that it moves along the virtual surface so as to minimise the distance from the HIP. A vector originating at the HIP ( ) and terminating at the godobject ( ) specifies the direction of the haptic force to be rendered. The minimum distance specification ensures that the planar limits are rendered as frictionless haptic surfaces. Out of virtual plane, the god-object and HIP exist at the same point in space. As the HIP exceeds the allowable virtual plane surface, a displacement between and exists. This forms the basis for the haptic rendering. Spring models are commonly used in haptic rendering and relates the desired position, , with the current position, , according to Hooke's law. The haptically rendered force is given by 0 0
where is specified appropriately. It is worth acknowledging that the maximum exertable force for the Phantom Omni is 3.3 , so the haptically rendered force for distances greater that 3.3/ will be constant.
B. Virtual Fixture Paraboloid
The parabolic force field virtual fixture guides the biooperator to approach the penetration point, P.
Potential field has been widely used for trajectory planning in robotic applications [21] , [22] . It generates a force field which guides the robot to avoid obstacles or geometric constraints while the robot is moving toward target points. Using force field is suitable for hapticly tele-operated systems because it calculates the force which haptic device needs to render to guide the operator to reach targets.
To construct a force field, the potential field is preferred because it could be considered as a scalar function, , , and gradient of this potential field results the corresponding force field. In such a force field, two types of forces should be considered namely absorption force and repulsive force. The absorption force absorbs the robot toward the target points while the repulsive force prevents the robot to hit obstacles.
For a parabolic virtual fixture, the potential field can be generated based on electrostatic models. To construct such a model, surface of the paraboloid could be assumed as a constant negative charge but a positive charge point at the paraboloid apex. The force field inside the paraboloid can be represented by Laplace equation of
Here , , is a scalar potential function, is the permittivity within the paraboloid and , , is charge distribution function defined as
where Q is the charge, δ(x), δ(y), δ(z) are Dirac functions and ρ s is the planar charge density. If a paraboloid is considered as an integration of circles with centers at the z-axis, then the electric field of any point, anywhere in the xz-plane, as illustrated in figure 5 , could be derived as [23] :
where E x and E z are electric fields along x and z axis repsectivly, is the ring radius and
The field is symmetric across direction. Thus, while moving across , the electric filed can be calculated as
In order to make it computationally efficient for this real time application, a good estimation of the proposed model can be obtained using a multi-charged particle system model.
Let's consider a parabolic surface with uniform distribution of k charge points where each point represents a static negative charge and a large positive static charge point at the apex. The potential field can then be obtained discreetly by (8) where Q 0 is the large negative charge at the paraboloid 's apex, Q k is the positive charge located at , , on the paraboloid surface. To prevent infinite potential at target (paraboloid 's apex), a constant value of l is added to the dominator of second term.
Then, as equation (3) indicates, the force field can be calculated by the gradient of , , . Figure 6 demonstrates the parabolic force field generated by the multi-charged particle system model of the paraboloid. It is worthwhile to acknowledge the very large gradient that occurs when close to the paraboloid surface, which attempts to prevent the operator from moving the micropipette tip past the parabolic surface. Figure provides a view of force field vectors projected in xy-plane. As can be deduced, all force vectors are directed towards the paraboloid's apex (target point). Force vectors in close proximity have relatively similar lengths providing a smooth and continuous guiding force. In addition, a dumping term with a linear relation to the velocity is also added to prevent instability. Preliminary results (Figures 7 and 8 ) demonstrate the ability of the proposed conical force field virtual fixture to guide the operator's control of the micropipette tip to the penetration point, P. Figure 7 shows the operator's control of the HIP within the parabolic force field. Figure 7b shows the HIP (Haptic Interaction Point) trajectory inside the force field projected in xz-plane. Figure 8 illustrates the corresponding guidance force magnitude along the trajectory imposed on the operators' hand. When the operator deviates from the desired trajectory, the imposed force increases to inform the operator's deviation of optimum path. While deviation increases, the guidance force magnifies as well. This paper proposes two virtual fixtures for haptically assisting the operator during cell injection. The parabolic virtual fixture uses force fields to assist the operator in approaching the desired penetration point on the cell surface as well as suggesting an optimal trajectory. Once the micropipette has penetrated the cell a planar virtual fixture is utilised in an attempt to prevent the operator from exceeding the desired deposition location. Preliminary results demonstrate the utility of the approach. 
